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Backscattered electron imagingTendon attaches to bone through a functionally graded ﬁbrocartilage zone, including uncalciﬁed ﬁbrocartilage
(UF), tidemark (TM) and calciﬁed ﬁbrocartilage (CF). This transition zone plays a pivotal role in relaxing load
transfer between tendon and bone, and serves as a boundary between otherwise structurally and functionally
distinct tissue types. Calcium and zinc are believed to play important roles in the normal growth, mineralization,
and repair of theﬁbrocartilage zone of bone–tendon junction (BTJ). However, spatial distributions of calcium and
zinc at theﬁbrocartilage zone of BTJ and their distribution–function relationship are not totally understood. Thus,
synchrotron radiation-based micro X-ray ﬂuorescence analysis (SR-μXRF) in combination with backscattered
electron imaging (BEI) was employed to characterize the distributions of calcium and zinc at the ﬁbrocartilage
zone of rabbit patella–patellar tendon complex (PPTC). For the ﬁrst time, the unique distributions of calcium
and zinc at the ﬁbrocartilage zone of the PPTC were clearly mapped by this method. The distributions of calcium
and zinc at the ﬁbrocartilage zone of the PPTC were inhomogeneous. A signiﬁcant accumulation of zinc was
exhibited in the transition region between UF and CF. The highest zinc content (3.17 times of that of patellar
tendon) was found in the TM of ﬁbrocartilage zone. The calcium content began to increase near the TM and in-
creased exponentially across the calciﬁed ﬁbrocartilage region towards the patella. The highest calcium content
(43.14 times of that of patellar tendon) was in the transitional zone of calciﬁed ﬁbrocartilage region and the pa-
tella, approximately 69 μm from the locationwith the highest zinc content. This study indicated, for theﬁrst time,
that there is a differential distribution of calcium and zinc at the ﬁbrocartilage zone of PPTC. These observations
reveal new insights into region-dependent changes across the ﬁbrocartilage zone of BTJ and will serve as critical
benchmark parameters for current efforts in BTJ repair.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fibrocartilaginous bone–tendon junction (BTJ), such as the patella–
patellar tendon complex (PPTC), is connected through a transitional
ﬁbrocartilage zone that plays a critical role inminimizing stress concen-
trations and mediating the load transfer between the bone and the
tendon (Fig. 1) [1–3]. Functional ﬁbrocartilage is especially important
for physiological musculoskeletal motion and joint stability [4–7].
The biomechanical functionality of the ﬁbrocartilage is rooted in itsicine, Xiangya Hospital, Central
0008. Tel.: +86 731 89753112;
. This is an open access article underorganized structure, with region-speciﬁc extracellular matrices and
cell shapes [1,5–8]. Speciﬁcally, the ﬁbrocartilage zone of the BTJ is
histologically separated by the tidemark (TM), the mineralization
front and the boundary between the soft and hard tissues, into two dis-
tinct yet continuous tissue regions [3,9]. The ﬁrst region is uncalciﬁed
ﬁbrocartilage (UF), which composes of ﬁbrochondrocytes in a matrix of
consisting of type II and III collagens with small quantities of type I, IX,
and X collagens as well as proteoglycans aggrecan and decorin. This
regionmarks the beginning of the transition from soft tendinousmaterial
to hard bony material [10–13]. The second zone, calciﬁed ﬁbrocartilage
(CF), shows amarked transition towards bony tissue. Here, hypertrophic
chondrocytes are surrounded by predominantly type II collagen, sig-
niﬁcant amounts of type X collagen and aggrecan-containing matrix
[10,12–14]. These variations in structure and composition give risethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1.Tendon attaches to bone across a biomechanically, compositionally, and structurally
graded ﬁbrocartilage zone (a H&E-stained section from an adult rabbit patella–patellar
tendon complex is shown above); SCB (subchondral bone), CF (calciﬁed ﬁbrocartilage),
TM (tidemark), UF (uncalciﬁed ﬁbrocartilage), TF (patellar tendon).
Fig. 2. Histomorphological image of a PMMA-embedded section of the PPTC to deﬁne
the regions of interest (ROI) prior to SR-μXRF; area scan (red-framed box), line scan
(red arrow), SCB (subchondral bone), CF (calciﬁed ﬁbrocartilage), UF (uncalciﬁed
ﬁbrocartilage), TF (patellar tendon).
16 H. Lu et al. / Spectrochimica Acta Part B 111 (2015) 15–22to graded mechanical properties across this complex interface, and
these properties contribute to the effective load transfer from tendon
to bone [1,5,7,8].
Although some structural features of the ﬁbrocartilage zone has
been illustrated, the spatial distributions of the critical elements have
not been totally understood. As the element spatial distribution is
usually uneven in different organizational structures, the spatial distri-
bution imaging to localize critical elements in speciﬁc tissues is impor-
tant to reveal their metabolic and physiological roles. Thus, the
investigation of critical element spatial distribution at the ﬁbrocartilage
zone of the BTJ is necessary. Calcium and zinc that exist in the muscle,
cartilage and bone are closely related to various biological processes of
these tissues. Calcium and zinc are vital for these tissues to fulﬁll their
physiological functions [15–19]. The roles of calcium and zinc mainly
rely on the form of metallic ions, metalloproteinases or metallic cofac-
tors [17,18]. Studies have indicated that calcium was involved in the
mineralization of cartilage mediated by a family of annexins [15] and
the calcium content signiﬁcantly increased across the bone–cartilage
interface [16,17]. In contrast, zinc is widespread in the active site of
various enzymes and crucial for cartilage mineralization [19–21]. D.A.
Bradley et al. observed an accumulation of zinc around the TM between
uncalciﬁed and calciﬁed articular cartilage [21]. In the TM, zinc acts as a
signiﬁcant functional co-partner of the alkaline phosphatase (ALP) that
is intimately associated with cartilage mineralization [16,17,21,22].
Above all, studies involving the spatial distribution of calcium and zinc
at musculoskeletal tissue have primarily focused on bone and articular
cartilage. However, no study investigated in the complex musculoskel-
etal tissue of the ﬁbrocartilage zone of BTJ.
In general, element analysis of biological samples is based on
destructive methods. The information about the element spatial distri-
bution within the tissue is usually lost [23]. Meanwhile, the amount of
calcium and zinc in living organisms is generally low, so the distribu-
tions of these elements cannot be readily visualized. In contrast to calci-
um, zinc is a trace element, which is present in minute quantities
(bppm) in living organisms [19,23]. Therefore, it would be even
more challenging to investigate the distribution of zinc in bio-
tissue with high spatial resolution and sensitivity. With the advent
of third-generation synchrotron radiation (SR) light source, synchrotron
radiation-basedmicro-X-rayﬂuorescence analysis (SR-μXRF) has become
available for the non-destructive detection of calcium and zinc in the
femtogram range at the micrometer level [24–26]. In addition, mostelements of biological interest can be simultaneously detected and
mapped by SR-μXRF [23].
Therefore, the goal of this study is to characterize the spatial distri-
butions of calcium and zinc at the ﬁbrocartilage zone of the PPTC by
using SR-μXRF with BEI. BEI is a well-validated and established tech-
nique for visualizing the distribution of calcium in calciﬁed tissues
with a spatial resolution of b1 μm [20,27]. This technique is suitable to
deﬁne the distinct tissue regions of the ﬁbrocartilage in the SR-μXRF
maps. Findings from this study will lead to new insights into element
distribution at this critical musculoskeletal tissue and provide some
benchmarks for the evaluation of the BTJ repair.
2. Methods
2.1. Sample preparation
The experimental protocol was approved by the Animal Ethics
Committee in accordance with the Animal Care and Use Guidelines of
Central South University. Healthy adult male New Zealand rabbits
were used in this experiment. Five harvested PPTC samples were split
into two parts along the middle sagittal plane of the PPTC. One half
of every sample was immediately ﬁxed in 70% alcohol and then
dehydrated in a graded series of alcohol. Then, the samples were
prepared as undecalciﬁed PPTC tissues in polymethylmethacrylate
(PMMA) blocks [20]. Afterwards, the undecalciﬁed PMMA blocks were
cut along the sagittal plane of the PPTC by a microtome (Leica Sp1600;
Leica Instruments, Nussloch, Germany) andwere grinded to a thickness
of 100 μm with a grinding machine (Phoenix4000; Wirtz Buehler,
Germany). To reduce errors, the entire sample preparation process
was tested to be free of detectable calcium and zinc contaminations.
Sections of PPTC were then photographed by optical microscopy
(Leica M165 FC; Leica Microsystems, Germany) to select and deﬁne
the regions of interest (ROI) prior to SR-μXRF. The ROIs are the patella,
CF, UF and patellar tendon (Fig. 2). The other half of the samples was
ﬁxed in 10% neutral buffered formalin for 1 day. These samples were
then decalciﬁed with EDTA for 3 weeks and embedded in parafﬁn.
Then, the parafﬁn blocks of the PPTC samples were used for histology.
2.2. BEI and histology
The BEI was based on the detection of electrons backscattered from
1.5 μmbelow the surface of the specimen struck by the primary electron
beam of a scanning electron microscope (SEM) [27–29]. The gray level
of the BEI image was proportional to the concentration by weight of
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the surface of the PPTC sample [27,29]. In the BEI image of the PPTC,
dark gray areas indicate low calcium content whereas areas with light
gray levels represent matrices with high calcium content. Thus, the
TM of the ﬁbrocartilage zone was clearly shown in the BEI image. A
SEM (FEI Quanta FEG 250, USA) was utilized to acquire a series of BEI
images of the PPTC at magniﬁcations from 40 to 150 to deﬁne different
tissue regions of the ﬁbrocartilage in the SR-μXRF maps. Detailed infor-
mation about BEI has been described elsewhere [27,29,30].
Hematoxylin and eosin (H&E) stain was performed for histological
observation of the ﬁbrocartilage zone of the PPTC. Five micrometer
thick sections were prepared from the mid-sagittal plane of the PPTC
with a microtome. The decalciﬁed sections were stained by H&E to
study the general morphology of the decalciﬁed PPTC tissue in the
sections adjacent to those used for SR-μXRF. The histological sections
were examined and photographed with an optical microscopy (Leica
M165 FC; Leica Microsystems, Germany).
2.3. SR-μXRF
The detection of calcium and zinc at the ﬁbrocartilage zone of the
PPTC was performed by SR-μXRF at BL15U1, Shanghai Synchrotron
Radiation Facility (SSRF), China (Fig. 3). A Si(111) double crystal was
used tomonochromatize the continuous SR X-rays, whichwere focused
by a K–Bmirror pair (Xradia Inc.) to 4 μm×2 μm(horizontal × vertical).
To avoid expanding or contracting the calcium and zinc signal intensi-
ties in the TM of ﬁbrocartilage zone, the spot size of SR X-ray beam
should be set as close as possible to the thickness of the TM of
ﬁbrocartilage [23]. Meanwhile previous research indicated that the
thickness of ﬁbrocartilage is approximately 5 μm [31]. Therefore, the
spot size was set to 4 μm× 2 μm in the current experiment. The sample
was ﬁxed to the platform at a 45° angle to the incident SR X-ray beams,
and a silicon drift detector (SSD) (Vortex, USA)was placed at a 90° angle
to the incident SR X-ray beam to collect the ﬂuorescent counts for the
metals. Incident SR X-rays of 10 keVwere used to stimulate the samples.
The XRF signals were collected for each pixel at different dwell times
based on the scanning mode. The specimens were ﬁxed to a sample
platform controlled by a motorized X–Y mapping stage and were
continually scanned in steps of 4 μm. Three scanning modes were
used in our study and the parameters are descripted below in detail.
The SR-μXRF maps were acquired from the ROI with a resolution of
4 μm × 2 μm for 0.5 s/pixel. The maps were used to qualitatively assess
the distributions of calcium and zinc at the ﬁbrocartilage zone of the
PPTC. The point spectra acquired at the positions of the maximum and
minimum ﬂuorescent counts in the calcium and zincmapswere record-
ed at a resolution of 4 μm×2 μm for 300 s/point andwere used to quan-
titatively analyze of the highest and lowest concentrations of calcium
and zinc. Line scans were used to estimate the spatial variations in the
calcium and zinc contents by scanning along the stress direction of the
ﬁbrocartilage zone. At each point of the line scan, aﬂuorescent spectrum
was recorded for 12 s with a resolution of 4 μm × 2 μm.Fig. 3. Schematic depiction of the SR-μXRF experimental setup at the BL15U1 beamline expe
monochromatized and were focused by a double Si(111) crystal and a K–B mirror. The incid
(SSD) placed 90° from the incident SR X-ray beams was used to collect the ﬂuorescent counts2.4. Data analysis
To correct the signal intensity for variations in the SR X-ray beam
ﬂux, the ﬂuorescent spectra were normalized by the collection time
and by the photon ﬂux, which were measured during acquisition and
were corrected for the detector dead time. The PyMCA program was
used to analyze the SR X-ray spectra (Fig. 4) because it allows quantita-
tive analysis of the calcium and zinc content [32]. The intensitymaps for
the calcium and zinc at the ﬁbrocartilage of the PPTC were taken with
Igor pro software (WaveMetrics, USA). To match the calcium and zinc
maps with the morphology of the ﬁbrocartilage zone, the BEI image
was combined and was correlated with the H&E stain section to deﬁne
the distinct tissue regions of the ﬁbrocartilage in the calcium and zinc
maps (Fig. 5). A standard reference material (Bone Meal, NIST 1486)
was used for calibration at the experimental facility for measuring the
concentrations of calcium and zinc at the positions of the maximum
and minimum ﬂuorescent counts in the SR-μXRF maps. Finally, PyMCA
provides the maximum and minimum concentrations of calcium and
zinc in the SR-μXRF maps. This conversion gives a quantitative and
convenient method to compare the values for the elements.
To quantify the spatial variations of the calcium and zinc within the
sample, the distributions of calcium and zinc along the line scan were
shown by plotting the obtained intensities as a function of the sample
position. Because of the low variation in the calcium and zinc intensities
in the patellar tendon, the intensities of calcium and zinc in the patellar
tendon were averaged and were used as baselines (the patellar tendon
can be easily conﬁrmed from the BEI image). Meanwhile, themaximum
value for each element was employed to normalize the intensity curve
used to simultaneously visualize the distribution differences for calcium
(showing high intensities) and zinc (showing low intensities). The
characteristic indices of the calcium and zinc distributions were deter-
mined as follows: the maximum/baseline count rates for calcium, the
maximum/baseline count rates for zinc, and the distance between the
positions with the highest calcium and zinc contents.
2.5. Statistical analysis
All experimental data analyzes were performed with SPSS 17.0 soft-
ware. The quantitative parameters obtained for the calcium and zinc
distributions are presented as the mean ± standard deviation, with
n = number of line scans. Regression analyses of the correlation be-
tween the calcium intensities and sample position were determined
across part of the ﬁbrocartilage. Additionally, the signiﬁcance of the
relative intensities of calcium and zinc with respect to the baseline in
the TM was evaluated using Mann–Whitney test for each line scan
separately, with statistical signiﬁcance established at p b 0.05.
3. Results
The histological sections that were stained with H&E clearly showed
the characteristic zones of the ﬁbrocartilage of PPTC. The correspondingrimental station in SSRF. In this experimental setup, the incident SR X-ray beams were
ent SR X-rays at 10 keV were used to stimulate the samples, and a silicon drift detector
for the metals. The sample was mounted on a motorized X–Y mapping stage.
Fig. 4.X-ray ﬂuorescence spectrum acquired at the transitional region of theUF and the CF
and ﬁtted with the PyMCA program; dwell time 300 s, spot size 4 μm × 2 μm.
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and patellar tendon) with different mineral contents (the bright gray
corresponds to high mineral content and dark gray corresponds to low
mineral content). A typical map of the calcium and zinc in the PPTC
that was obtained by SR-μXRF showed the patella, CF, TM, UF and patel-
lar tendon regions (Fig. 6).3.1. Maps of calcium and zinc at the ﬁbrocartilage of the PPTC
Area scans were performed to map the calcium and zinc distribu-
tions at the ﬁbrocartilage of the PPTC, and the spot size of area scans
was as small as 4 μm × 2 μm. From the investigated samples, the maps
of the calcium and zinc within the ﬁbrocartilage can demonstrate that:
i) the calcium and zincwithin the ﬁbrocartilage had an inhomogeneous
distribution in the SR-μXRF maps. The position of the highest calcium
was different from that of the highest zinc content. From the color
scale bar, the maximum and minimum concentrations of calcium and
zinc were listed on the top of each elemental map. ii) The position
with a remarkable accumulation of zinc in the SR-μXRF map corre-
sponds to the TM in the slice stainedwithH&E. The zinc content appears
to be approximately constant and low through the rest of ﬁbrocartilage
zone (Fig. 6B). iii) The calcium content started to increase near the TM,
and an abrupt increase in the calcium content was observed across
the calciﬁed ﬁbrocartilage region. The highest calcium content was
found near the interface between the CF and the patella. This calciﬁedFig. 5. (A) Patella–patellar tendon complex, PMMA-embedded sections (1), H&E-stained sectio
PPTC section (red arrowpresents the tidemark, scale bar=100 μm). (B) X-rayﬂuorescence spe
(UF); dwell time 300 s, spot size 4 μm × 2 μm.ﬁbrocartilage region accounted for approximately 30% of allﬁbrocartilage
zone (Fig. 6A).
3.2. Quantitative description of the calcium and zinc spatial distributions at
the ﬁbrocartilage of the PPTC
Comparing the ﬂuorescent intensity proﬁles in the line scan with
the element intensity maps, the results from both modes obviously
corresponded with each other. Quantitative descriptions of the calcium
and zinc spatial distributionswere drawn from the ﬂuorescent intensity
proﬁles that were collected from the line scans (Table 1). In all of the
investigated samples, the zinc content was dramatically enhanced in
the transitional region between UF and CF. No major difference was
observed between samples, and the zinc content in the rest of the
ﬁbrocartilage zone was approximately constant and low. The highest
zinc content was located near the TM. The zinc content was approxi-
mately 3.17 times greater in the TM than in the patellar tendon
(Fig. 7). In contrast, higher calcium content was found in the CF than
in the UF. The calcium content sharply increased from the tendon end
to the bony end in the ﬁbrocartilage zone. Regression analysis of the
line proﬁle data revealed that the calcium increased exponentiallywith-
in the CF with an exponential constant of 3.124 × 10−6 and R2= 0.953.
The maximum/baseline count rate for the calcium is approximately
43.14 (Fig. 7). The distance between the positions with the highest
zinc and highest calcium was approximately 69 μm.
4. Discussion
The ﬁbrocartilage zone between the tendon and bone is crucial to
the functionality of the musculoskeletal system, which is responsible
for the transfer of forces between tissues with distinct mechanical
properties and functions [5,7]. The objectives of this studywere to char-
acterize the spatial distributions of calcium and zinc at the ﬁbrocartilage
zone of the PPTC. The results of this study were the ﬁrst high-resolution
maps of calcium and zinc at the ﬁbrocartilage of the PPTC. The region-
dependent inhomogeneous distributions of calcium and zinc were
observed in the ﬁbrocartilage of PPTC. The increased calcium content
was only detectable within the calciﬁed ﬁbrocartilage, and an abrupt
transition, instead of a gradient of calcium content, was observed in
the transition from the uncalciﬁed to the calciﬁed ﬁbrocartilage regions.
Furthermore, a high level of zinc accumulated very speciﬁcally in the
transitional region between UF and CF.n (2), BEI image (3), and corresponding SR-μXRF maps (4 & 5) in the sagittal plane of the
ctrum acquired at the calciﬁedﬁbrocartilage (CF), tidemark (TM), uncalciﬁedﬁbrocartilage
Fig. 6. 3-D representations of the calcium (A) and zinc (B) distributions in a small area (1.204mm× 0.274 mm) of the PPTC, the calcium and zinc concentrations and intensity counts are
reported as micrograms per gram indicated by the color-coding scale bar at the top of each map, SCB (subchondral bone), CF (calciﬁed ﬁbrocartilage), UF (uncalciﬁed ﬁbrocartilage), TF
(patellar tendon), dwell time 0.5 s, spot size 4 μm × 2 μm.
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ﬁbrocartilage
The region-dependent calcium content observed in the patella–
patellar tendon interface would be highly signiﬁcant to the function-
ality of the junction site. The patellar tendon and patella display
dramatically different mechanical properties [6,9]. This is a unique
challenge to attach a relatively stiff material such as bone (with a
modulus of approximately 20 GPa) to a compliant material such as
tendon (with a modulus of approximately 200 MPa) [6,9]. Research
on junctions of engineering materials suggested that stress concen-
trations would arise at the interface of the two different materials
if the junction is not adapted to remit the modulus mismatch [33].
Functional grading is optimized to relax stress and strain concentra-
tions at material interfaces [6]. Similarly, the ﬁbrocartilage zone of
BTJ is a natural functionally graded structure with a gradient of me-
chanical, compositional, and structural behaviors [6–8]. Themineral-
ization levels and orientation of the collagen ﬁbers work together to
give the ﬁbrocartilage a unique gradient of mechanical properties
[7]. A.G. Schwartz et al. observed an increase in the mineralization
levels from the uncalciﬁed side to the mineralized side of the
supraspinatus tendon insertion by Raman microprobe analysis [8].
Fourier transform infrared spectroscopic imaging (FTIR-I) demon-
strated an exponential increase in the relative mineral content at
the transition between uncalciﬁed and calciﬁed ﬁbrocartilages of the
ACL–bone junction [7]. Moreover, a reduction in the alignment of colla-
gen ﬁbrils at the tendon–bone interface has also been reported for the
ACL-to-bone insertion in neonatal bovine tibiofemoral joints [7].
Intriguingly, the distribution of calcium, an essentialmaterial for the ini-
tial generation of crystalline hydroxyapatite (HA) [34,35], has a similarTable 1
The distributional characteristic parameters of calcium and zinc at ﬁbrocartilage of the PPTC.
Sample, Line Ca[max]/Ca[baseline]
P1, line-1 56.8
P2, line-2 37.3
P3, line-3 45.8
P4, line-4 29.8
P5, line-5 46.1
Average ratio 43.16 ± 10.17
(n = 5, mean ± standard deviation).
Ca[max]/Ca[baseline], the maximum/baseline count rates for calcium.
Zn[max]/Zn[baseline], the maximum/baseline count rates for zinc.
Distance(Ca[max]–Zn[max]), the distance between the positions with the highest calcium andtrend in the calcium content as it exponentially rises from the TM to the
transitional region of patella and the CF, and the calcium content in the
UF is low. Additionally, HA, i.e., Ca10(PO4)(OH)2 is widely known to
participate in the biomineralization process through its deposition in
the extracellular matrix [34,35]. Therefore, by comparing the two anal-
ogous phenomena, these region-dependent spatial changes in calcium
content are likely to be a response to the gradient in the mineralization
level across the ﬁbrocartilage. The mineralization level may be the
reason the calcium content displays an exponentially rising distribution
in the ﬁbrocartilage zone.
The TM of the ﬁbrocartilage was thought to be the outer limit of
mineralizationwhere physiological calciﬁcationwas dynamically ongo-
ing at a slow rates [36–38]. Fibrocartilage mineralization progressed
through the endochondral ossiﬁcation of a branch of type II collagen-
expressing cells (characteristic of chondrocytes) and gave rise to a calci-
ﬁed ﬁbrocartilage region near the uncalciﬁed tissue [8,13,39]. During
this process, the continuous supply of Ca2+ and inorganic phosphate
inside the extracellular matrix vesicles (MVs) was a prerequisite for
the initial generation and deposition of crystalline HA [35]. The MVs
provided an optimal setting for inducing the formation of HA with the
help of tissue-nonspeciﬁc alkaline phosphatase (TNAPs) [35]. TNAPs is
a type of ALP, which is usually expressed on the cell membrane of
hypertrophic chondrocytes, osteoblasts, and odontoblasts. This enzyme
is also concentrated on themembranes ofMVs budding from these cells
[34]. It hydrolyzes pyrophosphate and provides inorganic phosphate
to promote mineralization [34]. Studies indicated that the TNAPs
possess three types of reactive sites involved in mineralization, i.e., a
magnesium-binding site, a calcium-binding site and a zinc-binding
site [34]. Zinc acted as a signiﬁcant part/co-partner of ALP, which played
an important role in cartilage mineralization [16,40]. A previous studyZn[max]/Zn[baseline] Distance(Ca[max]–Zn[max])
2.5 84.0 μm
2.9 68.0 μm
2.3 76.0 μm
4.1 56.0 μm
4.0 60.0 μm
3.16 ± 0.84 68.80 ± 11.45 μm
zinc content.
Fig. 7. (A) A BEI image of an analyzed section of the PPTC visualizing themineralized areas of the sample. A line scan (red arrow)was performed across the TF, UF, TM, CF and SCB. (B) The
exponential curve ﬁtting of calcium intensity (data come form the calcium intensity in the red box). Calcium intensity sharply increased from the tendon end to the bony end across
ﬁbrocartilage zone, and showed a strong exponential correlation with the sample positions. (C) The signiﬁcant zinc maxima were observed in the tidemark between the uncalciﬁed
and the calciﬁed ﬁbrocartilage. The maximum ﬂuorescence intensities were normalized to 1 (absolute values for calcium and zinc are given in the box). Because of the differences in
the information depths of the characteristic X-rays and the irregular sample shapes, the intensity proﬁles did not correlate to the BEI image.
Fig. 8. Intensity ratios of calcium and zinc between TM and baseline. Column bar graph
showing a higher of calcium intensity ratio with respect to zinc, the error bars represent
the standard deviation (n = 5, p b 0.05, nonparametric Mann–Whitney).
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ited on the TM of the articular cartilage by biochemical analysis and
histochemical staining [38]. Therefore, we speculate that high levels of
zinc and calcium might deposit near the TM of ﬁbrocartilage zone.
As shown in our results, the zinc intensity exhibited the expected
distinct peak in the TM, where calcium did not appear to have such
obvious deposition. The reasons for these phenomena in the TM
may be that: i) physiological calciﬁcation proceeds dynamically in the
TM [20,25], where the accumulation of zinc is likely to act as a part/
co-factor of the enzymes associated with ﬁbrocartilage mineralization
and metabolism, such as ALP and ATPase. Therefore, the TM with its
zinc enhancement represents the high levels of calciﬁcation andmetab-
olism. ii) The zinc intensity was approximately 3.17 times greater in the
TM, where the calcium content was higher (approximately 10-fold)
than that of zinc (Fig. 8). The calcium content in the TM can completely
meet the continuous supply of calcium needed for dynamic physiologi-
cal mineralization. Interestingly, the signiﬁcant accumulation of zinc in
the TM was observed in all of the detected samples without major
variations. Thus, it is possible that the zinc appears to be an inherent
component of the TM (the mineralization front) of the ﬁbrocartilage
zone. To prove this interpretation, we should increase the number of
samples and study other types of BTJ in follow-up experiments.
4.2. Biomedical implications
Injuries to the ﬁbrocartilage zone of BTJ are relatively common in
daily activities, involving jumping, cutting and pivoting [41]. Unfortu-
nately, the regeneration of the special ﬁbrocartilage zone in BTJ repair
is a challenge in orthopedics [37,41]. Consequently, mechanisms and
therapies for accelerating ﬁbrocartilage healing have become a focusof BTJ repair research in recent years, including surgical repair methods,
BTJ tissue engineering and biophysical stimulations [42]. During the
process of these researches, it is inevitable to observe and assess the
regeneration or repair of ﬁbrocartilage zone. Usually, methods for
observing and assessing the ﬁbrocartilage regeneration/repair of BTJ
injuries include morphometric and histological analysis, mechanical
property analysis, geometry and microarchitectural analysis, and com-
position analysis across multiple hierarchical levels [43]. For example,
the H&E staining was used for histological analysis. In our research,
an advanced and new tool was used to measure the composition of
21H. Lu et al. / Spectrochimica Acta Part B 111 (2015) 15–22ﬁbrocartilage zone. This method provides us a new insight into
region-dependent changes of calcium and zinc distributions across
the ﬁbrocartilage zone and a new way to analyze and assess the
ﬁbrocartilage regeneration/repair of BTJ injuries. The characteristic
indices of the calcium and zinc distributions at the ﬁbrocartilage
zone of PPTC may act as critical benchmark parameters to evaluate
the healing quality of the BTJ injuries. Moreover these parameters
can be used to design of tissue engineering scaffolds for engineering
the BTJ.
In the past decade, BTJ tissue engineering has emerged as a promis-
ing approach to BTJ repair and been readily applied to the formation of
ﬁbrocartilage zone [44]. More recently, the emphasis in the ﬁeld of BTJ
tissue engineering has shifted from the formation of ﬁbrocartilage
zone to the function of ﬁbrocartilage zone, with a concentration on
imparting biomimetic functionality to surgical scaffolds [45]. Presently,
a major barrier to biomimetic scaffolds is to acquire all of compositional
and structural parameters for the design of biomimetic scaffolds for
engineering the ﬁbrocartilage zone of BTJ. Our research added some
valuable and complementary parameters to it.
4.3. Advantages and limitations of SR-μXRF in analysis of metals
in ﬁbrocartilage
With its advantages of high spatial resolution and sensitivity, multi-
element analysis and non-destructiveness, SR-μXRF is an advanced tool
for trace element study in bio-tissues [24,26,46]. Because of the use of a
high brilliance, highﬂux and linearly polarized third-generation SR light
source in combination with SDD, the SR-μXRF technique permits two-
dimensional imaging of the distribution and quantities of different
elements on the PPTC samples at subcellular spatial resolution with
trace element sensitivity, which cannot be reached by other microana-
lytical methods, such as EPMA [25,26]. Analytical techniques for
element proﬁling in organisms or cells have reached a new level with
the advent of SR-μXRF, which is such an excellent and promising tool
that it may help us further understand the functions of elements in
organisms or cells.
However, there are some inevitable limitations of SR-μXRF at the
BL15U1 station of SSRF. Firstly, this technique requires a small size,
high density, and highly collimated SR X-ray beam, which is only possi-
ble with a sophisticated SR light source and a huge micro-focus optical
component. So miniaturization of this cumbersome setup to bench-
top machines, like the micro-CT, would make the use of this technique
more convenient. Secondly, we have successfully mapped calcium and
zinc in small areas of the PPTC sectionwith high resolution by tradition-
al point-to-point X-ray ﬂuorescence imaging, but the time used to map
calcium and zinc in our research is about 8 h. Thus, improving the
efﬁciency of this technique is an urgent need. Rapid-scanning X-ray
ﬂuorescence employing unique hardware and software may be a way
to the increase scanning speed for our experiment [47]. Thirdly, the
calcium and zinc concentrations (Fig. 6) were semi-quantitatively
given in our study, and because only the maximum and minimum
calcium and zinc concentrations could be reported. Because PPTC is an
organic mineral compound with highly heterogeneous and complex
characteristics, therefore, no standard reference material is entirely
capable of calibrating the experimental facility and calculating the abso-
lute concentrations of calcium and zinc from the X-ray count rates.
Fourthly, the matching of BEI images with SR-μXRF maps could not
be perfectly performed. The different lateral resolutions of SR-μXRF
(about 4 μm) and of BEI (about 1 μm) make an exact overlay of both
maps impossible. Thin features, such as the tidemark, in the BEI are
blurred in the SR-μXRFmaps, and further blurring result from the larger
information depth of SR-μXRF (~20 μm for Ca-Kα) compared to BEI
(~1 μm). Features close below the surface (e.g., tidemark) are not de-
tectable by BEI but might be visible in the corresponding SR-μXRF
maps. However, superimposing the corresponding SR-μXRF maps, BEI
and histology images (H&E staining) was found to be useful in linkingthe morphology of the ﬁbrocartilage zone with X-ray count rates. Fifth-
ly, considering the different information depths of the ﬂuorescence sig-
nal of calcium and zinc in this speciﬁc matrix, which vary from several
tens to hundreds of micrometer, showed that these element proﬁles ac-
quired at the BL15U1 station of SSRF might not simply reﬂect the ele-
ment distribution on the surface, in fact, from deeper below the
surface. Although the spot size was 4 μm× 2 μm, the acquired mapping
of calcium and zinc could not be determined with the same resolution
[48]. Oneway to eliminate the unwanted contribution of deeper sample
layers to the X-ray ﬂuorescence spectra was to use confocal SR-μXRF
analysis or SR-XFCT. Another way to avoid this phenomenon would be
toworkwith thin PPTC sections (adapted to the spot size). Unfortunate-
ly, these techniques are not yet available in China and the grinding of
PPTC section to 4 μm thick maybe difﬁcult under current conditions.
In our opinion, despite the limitations of this technique at the
BL15U1 station of SSRF, it remains a powerful way to characterize the
biological distribution of trace elements in cells and bio-tissue and
may have great potential to improve our understanding of global
metal metabolism and the interrelationships between metals through
the use of animal models.5. Conclusions
In summary, for the ﬁrst time, the calcium and zinc spatial distri-
butions at the ﬁbrocartilage zone of the PPTC was characterized by
SR-μXRF together with BEI with a spatial resolution about 4 μm × 2 μm.
This advanced microanalytical technique was able to map non-
destructively, quantitatively, and simultaneously multiple metals in
bio-tissues with high spatial resolution and high sensitivity. The in-
homogeneous and differential distributions of calcium and zinc at the
ﬁbrocartilage zone of PPTC indicate different mechanisms of distribution.
The current research provides new insights into region-dependent
changes across the ﬁbrocartilage zone of BTJ. These observations will
serve as critical benchmark parameters for current efforts in BTJ repair.Acknowledgments
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